Performance and loads data from a hover test of a full-scale advanced technology XV-15 rotor by Young, Larry A. et al.
s----s 
NASA Technical Memorandum 86854 
Performance and Loa s Data from 
a Hover Test of a Full-Scale 
Advanced Tec y XV-15 
Rotor 
Fort F. Felker, Larry A. Young and David B. Signor 
January 1986 
National Aeronautics and 
Space Administration 1 
https://ntrs.nasa.gov/search.jsp?R=19870014976 2020-03-20T11:06:31+00:00Z
NASA Technical Memorandum 86854 
Performance and Loads Data from 
a Hover Test of a Full-Scale 
Advanced Technolo y XV-15 
Rotor 
Fort F Felker, 
Larry A. Young, 
David B. Signor, Ames Research Center, Moffett Field, California 
January 1986 
National Aeronautics and 
Space Administratlop 
Moffett Field California 94035 
Ames Research Center d 
PERFORMANCE AND LOADS DATA FROM 
A HOVER TEST OF A FULL-SCALE 
ADVANCED TECHNOLOGY XV-15 ROTOR 
Fort F. Felker, Larry A. Young, and David B. Signor 
Ames Research Center 
SUMMARY 
A hover test of a full-scale, composite, advanced technology XV-15 rotor was con- 
ducted at the Outdoor Aerodynamic Research Facility at Ames Research Center The 
primary objective of the test was to obtain accurate measurements of the hover perfor- 
mance of this rotor system. Data were acquired for rotor tip Mach numbers ranging from 
0.35 to 0.73. The rotor was tested with several alternate blade root and blade tip configu- 
rations. This report presents data on rotor performance, rotor-wake downwash velocities, 
















rotor disc area, r R 2 ,  m2 
speed of sound, m/s 
rotor power coefficient, Cp = C g  
rotor power coefficient corrected for wind, CP,cot+ected = CQ,corrected 
rotor pitching moment coefficient, pitching moment /pARV& 
rotor torque coefficient, torque/pARVt$ 
rotor torque coefficient corrected for wind, See text for equations 
rotor thrust coefficient, thrust/pAV& 
rotor side force coefficient, side force/pAV& 
rotor yawing moment coefficient, yawing moment /pARV& 
rotor normal force coefficient, normal force/pAV&, 
rotor figure of merit, c;”/c,& 
rotor tip Mach number, VtSp/a 
rotor figure of merit corrected for wind, c;’2/CQ,correct,d\ F -
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dynamic pressure, pV 2/2, N/m2 
rotor radius, m 
blade radial station, m 
ideal induced hover velocity, Vti, dW2, m/s 
ideal induced velocity, m/s 
rotor tip speed, QR, m/s 
wind speed, m/s 
ideal induced hover velocity ratio, Vh/Vtip 
ideal induced velocity ratio, Vt/Vtap 
lateral wind velocity ratio, - Vw sin +,,,/VtiP 
axial wind velocity ratio, V ,  cos +w/Vtzp 
air density, kg/m3 
rotor solidity ratio 
wind direction relative to rotor axis, deg 
rotor rotat ion speed, radians/sec 
INTRODUCTION 
Hovering flight is a critical operating condition for VTOL aircraft, since hover perfor- 
mance usually determines the maximum payload of the aircraft; The payload is typically 
30% of the gross weight of the aircraft, and small changes in the hover performance can 
have a large effect on the size of the payload. Hover performance is particularly important 
for tilt-rotors, since their basic rotor design (disc loading, solidity ratio, etc.) is a com- 
promise between the requirements of hovering and cruise flight. Analytical predictions of 
tilt-rotor hover performance have not been sufficiently validated to provide a high level of 
confidence in the predicted performance. 
An experimental investigation was recently conducted at Ames Research Center to 
measure accurately the hover performance of three tilting prop-rotors (refs. 1-2). The 
rotors tested in this investigation were: the original metal blades for the XV-15 Tilt Rotor 
Research Aircraft; a set of composite, Advanced Technology Blades (ATB) for the XV-15; 
and a 0.658-scale model of the proposed V-22A Osprey (JVX) rotor. All rotors had three 
blades, and a diameter of 7.62 m. 
This report presents the data obtained with the XV-15 Advanced Technology Blades. 
The ATB rotor was tested with several alternate blade-root and blade-tip configurations. 
These alternate configurations included extended trailing edge blade-root cuffs, blade-root 
cuffs off, swept-tapered blade tips, and square blade tips. Data are presented on rotor 
aerodynamic forces and moments, rotor wake downwash velocities, and rotor loads. 
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The authors gratefully acknowledge the efforts of the many people at Ames Research 
Center, Boeing Vertol Co., and Bell Helicopter, Textron, who made this test possible, 
Thanks also to Robert Faye, for his assistance in the preparation of this report. 
DESCRIPTION OF TEST APPARATUS 
Outdoor Aerodynamic Research Facility 
The test was conducted at the Ames Outdoor Aerodynamic Research Facility, which 
consists of a 30 m square concrete pad, a below-ground-level frame for attaching model 
support struts, and an underground control room with a complete data acquisition system. 
The facility is sufficiently remote from other buildings so that there is no aerodynamic 
interference (except with the ground), and accurate near- and far-field acoustic data can 
be obtained. An aerial photograph of the Outdoor Aerodynamic Research Facility with 
the Prop Test Rig installed is shown in figure 1. 
Prop Test Rig 
The Ames Prop Test Rig was used to power the rotors with a maximum power output 
of 1864 kW at 625 rotor rpm. A three-view drawing of the Prop Test Rig with the 
ATB rotor system installed is shown in figure 2, and a photograph of the Prop Test 
Rig with the ATB rotor installed is shown in figure 3. The rotor axis of rotation was 
horizontal to minimize interference effects between the ground and the rotor. The rotor 
shaft was 6.71 m above the ground (1.76 rotor radii). Note that the Prop Test Rig and its 
supporting structure provided very little blockage of the rotor wake. This minimized the 
influence of the test apparatus on the rotor wake, and ensured that high-quality isolated- 
rotor performance data could be acquired. 
Balance Systems 
A new rotor balance system was designed and built for this test program. The general 
arrangement of the balance system is shown in figure 4. This balance system was designed 
to be very sensitive to rotor thrust and torque, with minimal interactions caused by other 
forces, moments, or thermal effects. An instrumented drive shaft was installed inside the 
rotor balance, between the gearbox and the rotor mast, to accurately measure shaft torque. 
This design provided two load paths for thrust: through the rotor balance, and through 
the instrumented drive shaft. The drive shaft was not as stiff in the axial direction as 
the rotor balance, and only about 3% of the rotor thrust was carried by the shaft. The 
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shaft was instrumented to measure this axial load. The gages on the balance system were 
thermally-compensated to minimize errors which were due to thermal effects. (The rotor 
balance and instrumented drive shaft were designed by J. Mayer and H. Silcox of the 
Boeing Vertol Co.) 
Careful laboratory calibrations were performed on the balance system. The rotor 
thrust balance was accurate to within 50 N up to 50,000 W (0.1% error relative to full- 
range), with no measureable interactions caused by other forces or moments. The shaft 
axial force gage was also accurate to within 50 N, and the data was corrected for shaft 
torque interactions, The instrumented drive shaft was accurate to within 70 N-m of torque, 
which is less than 0.3% of the maximum capacity of the shaft, 28,500 N-m. The shaft torque 
data were corrected for interactions caused by shaft axial load. Because there were two 
bearings between the instrumented drive shaft and the rotor, the rotor torque was obtained 
by subtracting the bearing torque (measured by the rotor balance) from the shaft torque. 
A set of load cells were installed between the Prop Test Rig and its support system to 
provide redundant thrust and torque measurements (see fig. 2) These loads cells were not 
as accurate as the primary balance system, and were used as a backup, The measurements 
of the two balance systems were compared throughout the test to ensure that both systems 
were working properly at all times. 
Check loads were performed periodically during the test to assess installed balance 
system accuracy under simultaneous thrust and torque loading, and to check for adverse 
effects caused by operational thermal loads. These check loadings demonstrated that the 
installed balance system was accurate to within 200 N of thrust (0.3% of maximum thrust 
of test) and 70 N-m of torque (0.3% of maximum torque of test) 
Rotor System 
The rotor was tested on a Bell Helicopter Model 300 rotor mast and gimballed hub 
(similar to the mast and hub of the XV-15 aircraft) The ATB rotor system had three 
blades with a diameter of 7.62 m. A summary of the rotor system characteristics is pro- 
vided m table 1. The rotor blades were designed to replace the original metal XV-15 
blades The rotor system had a solidity ratio of 0.103. The twist distribution, thickness 
distribution, chord distribution, and airfoils used on this rotor system are shown in figures 
5, 6, 7, and 8, respectively. Further information on the characteristics of this rotor system 
is provided in references 3-4. 
Alternate Rotor Configurations 
The planforms of the alternate rotor configurations are shown in figure 9. The twist 
distribution, thickness distribution, and airfoil distribution of the rotor blade was the same 
for all configurations (except for root cuffs off). When the root cuffs were removed, the 
blade structure was exposed. This structure had a rectangular shape, and the lift forces 
that it produced were small. The baseline cuff configuration had a blunt trailing edge 
(the airfoil was truncated at 80% chord). The truncated airfoil was required for adequate 
rotor/airframe clearance on the XV-15 aircraft. The extended trailing edge cuff provided 
a more conventional airfoil shape with a sharp trailing edge. The cuffs extended from the 
spinner (r/R = 0.09) to r/R = 0.30. 
Three different tip configurations were tested. These were: the baseline tapered, 
unswept tips; swept-tapered tips; and square tips. All tips extended over the outer 10% 
of the blade. The swept-tapered tip had a taper ratio of 0.66, and the baseline tip had a 
taper ratio of 0.36. The swept-tapered tip had a quarter-chord sweep angle of 23" The 
square tip had a taper ratio of 1.0 and no sweep. Figure 10 is a photograph of the rotor 
with swept-tapered tips and figure 11 is a photograph of the rotor with square tips. The 
extended trailing edge cuffs were used during all testing with the alternate tips. 
Wake Rake 
The distribution of total pressure and static pressure in the rotor wake was measured 
with a wake rake. The location of the rake relative to the rotor was chosen to be represen- 
tative of the location of the wing of a typical tilt-rotor aircraft. The wake rake is visible 
behind the rotor in figure 3. The dynamic pressure and velocity distributions in the rotor 
wake were computed from the total and static pressure data. Two types of pressure probes 
were used on the wake rake: Pitot-static probes, and 5-port directional probes. There were 
13 Pitot-static probes and 9 directional probes. The static pressure data obtained with the 
Pitot-static probes were more accurate than those obtained with the directional probes. 
Therefore, the dynamic pressures and velocities computed from data obtained with the 
Pitot-static probes are more accurate than those computed from the directional probes. 
Data obtained with both sets of probes are presented in this report. 
TEST CONDITIONS 
Data were obtained with rotor tip Mach numbers ranging from 0.35 to 0.73. Cyclic 
pitch was used to trim the rotor to gimbal angles of 0.1" or less for all data points. Most 
of the data were obtained with winds of 1.5 m/s or less, with a maximum wind speed of 
4.5 m/s. The air density was computed from measured values of temperature, pressure, 
and humidity. A phototach was driven at the rotor speed and generated 1,024 pulses per 
revolution. The rotor rotation speed was computed from this signal. 
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WIND CORRECTIONS 
Even very light winds can have significant effects on rotor hover performance (ref. 
5 )  To minimize errors in the performance data caused by winds, all performance testing 
was conducted in winds of 1.5 m/s or less. Also, the measured rotor torque was corrected 
for the effect of the wind using a correction procedure based on momentum theory. (The 
correction procedure was developed by W Johnson of Ames Research Center and M< A. 
McVeigh of Boeing Vertol.) The wind speed and direction were measured by a sensor 
located on the inflow side of the rotor plane approximately 16 rotor radii from the rotor 
hub at the same height as the rotor axis, and at an angle of 45" from the rotor axis, The 
location of the wind sensor relative to the rotor, and the sign conventions for the wind 
speed and direction are shown in figure 12. The following equations describe the wind 
correction procedure that was used, 
Note that py  is positive in the same direction as C y ,  and p, is positive in the same 
direction as CT. K is the ratio of actual induced power to ideal induced power- a value of 
1 16 was used here. 
The magnitude of the CQ correction was typically less than 3% for winds of less than 
1.5 m/s The correction procedure reduces scatter in the performance data caused by wind 
variations between data points, and reduces any bias in the performance data caused by 
consistent prevailing winds throughout the test. Rotor figure of merit as a function of 
thrust coefficient for the ATB rotor system, with and without wind corrections, is shown 
in figure 13. Data obtained with winds of 0.5 m/s or less are presented in figure 13(a); 
data obtained with winds of 1.5 m/s or less are presented in figure 13(b); and all the data 
are shown in figure 13(c) The reduction in data scatter due to the wind corrections can 
be seen in these figures. Both corrected and uncorrected data are presented in this report. 
RESULTS 
Tabulated Performance and Loads Data 
Rotor performance and loads data are tabulated in Appendix A. A dictionary of the 
parameters in Appendix A is provided in table 2. The data are organized by run number, 
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and an index of the test conditions in each run is provided in table 3. Each run was 
divided into one or more thrust sweeps, where the rotor thrust was reduced to zero and 
then increased. Data points were acquired as the thrust was increased. The orientation 
of balance forces and moments, and the positive directions of the forces and moments are 
shown in figure 14. Thrust and side force are horizontal, and normal force is vertical, 
Effect of Tip Mach Number on Rotor Performance 
The effect of tip Mach number on corrected rotor figure of merit is shown in figures 15 
and 16 for the baseline rotor configuration. The curves in figures 15 and 16 are polynomial 
curve fits of the data for various tip Mach numbers. These figures show that tip Mach 
number variations have a significant effect on rotor performance at high thrust coefficients, 
but very little effect at moderate and low thrust coefficients. CP,co+rected/o as a function 
of C T / O  is shown in figure 17. CP,corrected as a function of e:’’ is shown in figure 18. The 
solid curves in figures 16-18 are all polynomial curve fits of the data. 
Effect of Configuration Changes on Rotor Performance 
Rotor performance with the blade root cuffs off is compared with data obtained with 
the baseline configuration in figure 19. Rotor performance with the extended trailing edge 
cuffs is compared with data obtained with the baseline configuration in figure 20. The 
effect on rotor performance of tip Mach number variations with the extended trailing edge 
cuffs is shown in figure 21. Rotor performance with the swept-tapered tips and extended 
trailing edge cuffs is compared with data obtained with the baseline tips and extended 
trailing edge cuffs in figure 22. The effect on rotor performance of tip Mach number 
variations with the swept-tapered tips and extended trailing edge cuffs is shown in figure 
23. Rotor performance with the square tips and extended trailing edge cuffs is compared 
with data obtained with the baseline tips and extended trailing edge cuffs in figure 24. 
Control and Loads Plots 
C T / O  as a function of collective pitch is shown in figure 25. The collective pitch data 
were obtained from the collective actuator position, and some errors caused by control 
system geometric nonlinearities are present in the data. These errors are estimated to be 
less than + l o  The effect of rotor thrust on hub spindle flap bending moment is shown 
in figure 26. The hub spindle flap bending moment gage was at r/R = 0.06. The effect 
of rotor thrust on blade flap bending moment at 0.1 R is shown in figure 27. The effect 
of roLor thrust on pitch link load is shown in figure 28 for all three tip configurations. 
The distance from the pitch link to the blade pitch axis was 0.24 m. The effect of rotor 
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torque on hub spindle chord bending moment is shown in figure 29. The hub spindle 
chord bending moment gage was at r/R = 0.06. The effect of rotor torque on blade chord 
bending moment at 0.1 R is shown in figure 30, and the effect of rotor torque on blade 
chord bending moment at 0.2 R is shown in figure 31. The bending moment gages at 0.1 
R were located on the blade pitch housing, and the bending moment gage at 0.2 R was on 
the rotor blade. 
Wake Rake Data 
Data obtained with the rotor wake rake are presented in Appendix B. The location 
of the pressure taps is presented in table 4. A dictionary of the parameters in Appendix 
B is provided in table 5. The data are organized by run number. Plots of wake dynamic 
pressure as a function of radius for several rotor thrusts are presented in figure 32. 
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TABLE 1. - ROTOR SYSTEM CHARACTERISTICS 
Number of blades . . . . . . . .  . . . .  . .  . . . . . . .  . . .  3 
Rotor radius . . . . . .  , . 7.62 m 
Mean blade chord . . . . . . . . . . . . . . . . . . . . . . . . .  . 0.411 m 
Rotor solidity ratio . . . . . . . . . . . . . . . . . . . . . . . . . .  0.103 
Blade twist . . . . . . .  . . . .  . . . .  . . . . . .  . -47" (nonlinear) 
Blade precone angle . . . . .  . .  . . . . . . . . . . . . .  . . .  2.5" 
Rotor airfoils . . . . . . . . . . . . . . . .  . . .  V43030-1.58, VR7, and VR8 
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mean blade chordwise bending moment at lR, N-m 
mean blade chordwise bending moment at .2R, N-m 
blade collective pitch angle at .75 R, deg 
rotor pitching moment coefficient, CPM 
rotor pitching moment coefficient over solidity, C p ~ / a  
rotor torque coefficient, CQ 
rotor torque coefficient, corrected for wind, c Q , c o r r e c t e d  
rotor torque coefficient over solidity, CQ /a 
rotor torque coefficient over solidity, corrected for wind, C Q l c o r r e c t e d / O  
rotor thrust coefficient, CT 
rotor thrust coefficient over solidity, C T / O  
C;I2 
( W a )  3'2 
rotor side force coefficient, C y  
rotor side force coefficient over solidity, C y / a  
rotor yawing moment coefficient, CYM 
rotor yawing moment coefficient over solidity, C ~ M / U  
rotor normal force coefficient, Cz 
rotor normal force coefficient over solidity, Cg/a 
mean blade flapwise bending moment at .1R, N-m 
rotor figure of merit, FM 
rotor figure of merit, corrected for wind, F M c o r r e c t e d  
relative humidity, percent 
rotor tip Mach number, Mtip 
rotor normal force measured by load cells, N 
rotor normal force, N 
mean pitch link load, N 
rotor pitching moment, N-m 
rotor pitching moment measured by load cells, N-m 
data point number 
rotor power, kW 
atmospheric pressure, kPa 
wind direction relative to rotor axis, &,, deg 
rotor torque measured by load cells, N-m 
air density, p, kg/m3 
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rotor rotation speed, revs/minute 
run number 
rotor side force measured by load cells, N 
rotor side force, N 
mean blade spindle chordwise bending moment, N-m 
mean blade spindle flapwise bending moment, N-m 
rotor thrust measured by load cells, N 
air temperature, deg Celsius 
rotor thrust, N 
rotor torque, N-m 
rotor torque, corrected for wind, N-m 
rotor tip speed, Vtrp, m/s 
wind speed, V,, m/s 
rotor yawing moment, N-m 
rotor yawing moment measured by load cells, N-m 
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4 - 13 
5 - 11 
1 2  - 17 
3 -  6 
9 - 1 4  
3 - 14 
15 - 26 
3 - 14 
15 - 26 
4 - 5  
4 - 12 
3 - 3.0 
11 - 19 
20 - 28 
29 - 43 
3 - 5  
3 - 5  
3 - 1 4  
15 - 23 
24 - 32 
YTTP CT/S FIND CONFTGURATTCIN 
O*b,8 o m 1 0 0  2.8 
00 5 8  Om013 Om157 3 m 2  - 3.7 
O m 6 6  3,074 O m 1 8 8  O m 2  - O m 5  
O m 5 6  0 0 0 7 9  0 Om176 om4 - 0 , 8  
O m 6 6  0.062 - 0,183 O m ?  - l a 5  
3m56 0.084 O m 1 8 2  1.0 - 1.7 
Om56 -Om002 O m 1 7 8  O m 6  - 1 0 5  
Om60 00008 Om185 0-3 l e 8  
O m 6 9  -0.004 Om181 1 m 7  2.6 
O m 6 6  0,149 - 0.189 2.1 - 2.8 
0-38 Om099 - 6.100 O m 6  1m6 
0.69 -0.003 - 0,125 0.6 - 104 
O m 6 9  -00002 - 00181 004 - 1,s 
6.69 O m 0 0 2  O m 1 8 3  O m 2  - 1.3 
3 - 5 9  Om009 Om183 O m 4  - 2 - 4  
#e35 0067 04093  le2 - 205 
0 - 6 7  - O m 7 3  Om093 4.0 - 4 m 4  
o m 3 5  - om40 O m  IO@ 2m1 - 2m9 
0.73 -00003  - 0,165 1 , O  - 2,3 
0 - 7 3  Om004 O m 1 6 2  O m 0  l m 6  
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TABLE 3. - continued 
45 
50 
5 3  
5 4  
55 
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TABLE 3. - concluded 
36 - 4 5  6.55 3.334 - 0.183 1.1 - 1.7 
50 - 57 3 . 7 3  0,324 - 0.132 0.4 1 - 5  BASELINE TIPS, 
EXTENDED CUFFS 
3 - 7  C.66 0 . 0 2 4  - 01154 1.2 - 2.0 
8 - 14 0.73 0.022 0.164 1.6 - 2.4 RISELINE TIPS, 
5 - 1c  5.59 -0.003 - 0,105 c.3 - 4.3 EXTENDED CUFFS 
11 - I& 9 . 1 3  0.215 - 0,105 2.9 - 4.5 BASELINE TIPS, 
EXTENDED CUFFS 
E, - 13 0.56 0.030 - 0,147 1.0 - 1.1 SUEPT TTPS, 
EXTENDED CUFFS 
I4 - il 3.66  3.335 0 0.137 0.5 - 0.9 
3056 3 o O f ’ P  0,149 0.3 113 SWEPT TTPS, 2 - 13 .J 
EXTEESDED CUFFS 
1 4  - 22  0 . 6 6  O o Q 2 5  - 0,138 0.7 - 1.5 
3 - IC 2 - 7 3  0.325 - 0.119 1.6 - 2.4 SWEPT TIPSI  
EXTENDED CUFFS 
I I  - 17 6.73 0.929 - 0.112 1.6 2.5 
7 - 1 2  0.56, 0 . 0 1 2  - 0.091 1.4 1.5 S Q U a R E  TIPS, 
EXTENDEI) CUFFS 
1 3  - 35 3 . 6 5  0.026 - 0.066 1.3 . 1.5 
7 - 25 0 .-ti6 0,324 0.175 0.2 - 1.0 SQUARE TTPSp 
EXTENDED CUFFS 
1 3  - 2c; 3.66 0.328 0,164 0.9 - 2.2 
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TABLE 5. - PRESSURE DATA PARAMETERS 
Parameter 
rotor thrust coefficient, CT 
data point number 
atmospheric pressure, kPa 
wind direction relative to rotor axis, &, deg 
wake static pressure, Ps, kPa 
wake total pressure, PT, kPa 
wake dynamic pressure, PT - Ps, kPa 
pressure tap radial station, r / R  
run number 
wake velocity, m/s 
rotor tip speed, Vtip, m/s 
wind speed, V,, m/s 
J 
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Figure 1. Outdoor Aerodynamic Research Facility with Prop Test Rig. 
ROTOR 
FAIRING BALANCE 
7 62 m 
1 " 
OUTLINE 
. - -  
Figure 2. Prop Test Rig with Advanced Technology XV-15 Rotor. 
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Figure 6.  Rotor blade thickness distribution. 
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Figure 7 Rotor blade chord distribution. 
V43030- 1.58 V R7 VR8 
I I t p - !  
0 -09 17 .3 .9 .95 1.0 
Figure 8,  Rotor blade airfoils 
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BASELINE TIP SWEPT TAPERED TIP SQUARE TIP 
~ ~ l . o ~  r/R = 0.9 r/R = 1 0 ~ r/R = 0.9 / r/R = 0.9 




BASEL I N E 
CUFF 
BASELINE CUFF 
r/R = 0.3 
EXTENDED 
TRAILING EDGE 
Figure 9, Planform of alternate configurations. 
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Figure 10. ATB rotor with swept-tapered tips and extended trailing edge cuffs. 
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Figure 14 Rotor balance axis system. 
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